Endothelial cell adhesion to the extracellular matrix regulates migration and outgrowth of blood vessels during angiogenesis. Cell adhesion is mediated by integrins, which transduce signals from the extracellular environment into the cell and, in turn, are regulated by intracellular signaling molecules. In a paper recently published in Cell Research, Sandri et al. show that RIN2 connects three GTPases, R-Ras, Rab5 and Rac1, to promote endothelial cell adhesion through the regulation of integrin internalization and Rac1 activation.
proteins that cycle between an active GTP-bound and an inactive GDP-bound state. When active, GTPases associate with and activate diverse effector molecules that subsequently relay the signal to other molecules, ultimately leading to a specific cell response. Two classes of proteins facilitate GTPase cycling. Guanine exchange factors (GEFs) catalyze GDP unloading thereby promoting GTP binding and GTPase activation. Conversely, GTPase activating proteins (GAPs) enhance the intrinsic GTP hydrolysis activity of the GTPase leading to its inactivation. Small GTPases form a large superfamily with over 100 members in mammals. Based on structural and functional criteria, the GTPase superfamily is subdivided in Ras, Rab, Rho, Arf and Ran subfamilies, each of them generally, but not exclusively, specialized in the regulation of specific cellular events. For example, Rho GTPases primarily regulate cytoskeletal dynamics; Rab GTPases regulate intracellular membrane trafficking; and Ras GTPases function in the regulation of cell proliferation and survival. However, complex processes such as angiogenesis require the coordinated action of several GTPases. This is evidenced by the work of Sandri et al. [2] recently published in Cell Research. In their paper, Sandri et al. propose a mechanism for the regulation of endothelial cell adhesion and migration involving three GTPases belonging to different GTPase branches, R-Ras, Rab5 and Rac1. The protein RIN2 (Ras and Rab adaptor 2) brings together R-Ras and Rab5 to form a signaling module that orchestrates integrin trafficking and Rac1 activation, processes that are essential for cell adhesion and migration.
Integrins are heterodimeric transmembrane extracellular matrix (ECM) receptors composed of one α and one β chain. In a process known as 'outsidein' signaling, integrins transmit signals from the extracellular environment to intracellular adaptor and signaling molecules that regulate cell migration, survival and growth. Conversely, during 'inside-out' signaling, integrins can be switched from an inactive to an active conformation by cytoplasmic signaling molecules leading to increased integrin affinity for the ECM.
During 2D migration of adherent cells, nascent, highly dynamic focal contacts are formed at the leading edge lamellipodia where integrins mediate adhesion to the ECM. Some of these focal contacts disassemble and some mature into larger focal adhesions with a longer half-life. Failure in maintaining a dynamic assembly and disassembly of focal contacts will result in the inhibition of cell migration.
Integrin-mediated adhesion can be regulated at different levels: (1) by changing integrin conformation and npg thus affinity for their ligand; (2) by modulating integrin avidity, i.e., by promoting integrin clustering on the plasma membrane; and (3) by changing the kinetics of integrin endocytosis and/ or recycling [3] .
The Ras GTPase R-Ras is primarily expressed in the vascular system (endothelial cells and vascular smooth muscle cells) [4] . Zhang et al. [5] were the first to show that R-Ras is a potent regulator of cell adhesion when they reported that expression of active R-Ras was enough to induce ECM adhesion of suspension cells, whereas dominant negative R-Ras reduced adhesion of the adherent cell line CHO. Although R-Ras was shown to enhance integrin affinity [5] , this effect was not consistently observed [6, 7] . These contradictory findings could be explained by the fact that R-Ras may activate integrins indirectly through antagonizing H-Ras-mediated integrin inhibition [6] .
Recent findings suggest that R-Ras stimulates adhesion through the regulation of integrin internalization into Rab11-positive endosomes [8] . Now, the data of Sandri et al. [2] support this model. The authors addressed the question on how R-Ras regulates cell adhesion of endothelial cells by performing a yeast-two-hybrid screen using constitutively-active R-Ras as bait. The screen revealed that RIN2 is a major R-Ras-interacting protein. RIN proteins (RIN1, 2 and 3) are downstream effectors of Ras GTPases that function as GEFs for Rab5 [9] , a GTPase that regulates endocytosis. RIN1 was shown to mediate the stimulation of EGF receptor-mediated endocytosis by HRas through the activation of Rab5 [10] . Surprisingly, Sandri et al. found that R-Ras dramatically impaired the Rab5 exchange activity of RIN2, while H-Ras had no effect. However, RIN2 was still able to specifically bind active Rab5. These data suggest that active R-Ras, RIN2 and active Rab5 form a signaling complex. Accordingly, Sandri et al. show that endogenous R-Ras, RIN2 and Rab5 are indeed found in a complex in endothelial cells. While active R-Ras and RIN2 colocalize at nascent focal contacts and on intracellular vesicles, colocalization with Rab5 takes place on endosomes. The deletion of either the Ras-or the Rab5-binding domains of RIN2 prevented the colocalization of the trio. Thus, RIN2 appears to facilitate the transport of active R-Ras to Rab5-positive endosomes. What is the functional relevance of these interactions? Sandri et al. show that silencing of endogenous RIN2 impaired the increase in adhesion induced by active R-Ras and by Rab5. A similar effect was obtained upon expression of RIN2 deletion mutants lacking Ras-or Rab5-binding domains. These data strongly suggest that the adaptor function of RIN2 in connecting R-Ras and Rab5 regulates endothelial cell adhesion to the ECM. But what is the mechanism? Previous work has shown that the pro-adhesive activity of active R-Ras is linked to its ability to regulate β1 integrin endocytosis [8] . Sandri et al. confirm these data by showing that silencing of R-Ras or RIN2 decreases the rate of endocytosis of active ECMengaged β1 integrins. In addition, the authors set a step further as they show that the signaling complex R-Ras/RIN2/ Rab5 mediates basal Rac1 GTPase activation. Rac1 regulates actin dynamics and ruffle formation at the leading edge of migrating cells and its activity is essential for cell adhesion and migration. TIAM-1-mediated activation of Rac1 on endosomes and subsequent polarized transport to the plasma membrane has been proposed as a way to restrict Rac activity to sites of membrane protrusion [11, 12] . In line with this model, Sandri et al. show that active R-Ras and RIN2 colocalize with Rac1 on endosomes and that the endosomal Rac GEF TIAM-1 is necessary for R-Ras-and RIN2-induced cell adhesion.
Altogether, the data of Sandri et al. support a model in which, integrinactivated R-Ras recruits RIN2 to focal adhesions and induces RIN2 conversion from a Rab5 GEF to a Rab5-docking protein. Subsequently, the complex promotes the endocytosis of ECM-engaged integrins and moves to early endosomes where R-Ras activates the TIAM-1/ Rac1 pathway [13] . Active Rac1 translocates to the plasma membrane where it promotes actin polymerization and formation of new focal contacts (Figure 1) .
By bridging active R-Ras and Rab5, RIN2 combines two processes essential for cell adhesion: (1) focal contact dynamics through the internalization of ECM-engaged integrins; and (2) local Rac1 activation to ensure actin polymerization at lamellipodia. Similarly, RIN2 also connects H-Ras and Rab5 in the internalization of the epithelial cellcell adhesion molecule E-cadherin [14] . Thus, RIN2 appears to be a universal effector of Ras-induced endocytosis of membrane receptors.
Interestingly, the phenotype of a family with a homozygous mutation in RIN2 was recently described [15] . The affected individuals showed diverse abnormalities related to a defective connective tissue. Indeed, ultrastructural analysis of the skin showed an abnormal morphology of collagen fibrils. Collagen is a ligand for β1 integrins. Through simultaneous binding to collagen and to the intracellular cytoskeleton, integrins contribute to the assembly of the ECM by transmitting contraction forces from the cell to the ECM. It is tempting to speculate that the phenotype of the patients lacking RIN2 is due to a deficient β1 integrin function as found by Sandri et al. in their in vitro analysis. In addition, these patients bruise easily and present prolonged bleeding, which could be caused by deficient wound healing of blood vessels as a consequence of impaired R-Ras signaling.
It should be noted, however, that R-Ras knockout mice have no major defects in vascular development but respond with increased angiogenesis to stress conditions such as tumor implantation [4] . On the contrary, the in vitro study by Sandri et al. suggests that R-Ras deficiency results in decreased endothelial cell migration. Further research is needed to clarify the role of RRas in angiogenesis. Likewise, it will be interesting to study vascular responses in RIN2-deficient mice in comparison to R-Ras knockout mice. [2] for the regulation of focal adhesion dynamics by R-Ras. (1) R-Ras is activated by ECM-engaged integrins, recruits RIN2 and converts it from a Rab5 GEF to a Rab5 adaptor; (2) RIN2 binding to active Rab5 mediates the endocytosis of integrins and the transport of active R-Ras to endosomes; (3) R-Ras contributes to the activation of the Rac1 GEF TIAM-1, which then activates Rac1; (4) Active Rac1 translocates to the plasma membrane and promotes actin polymerization and formation of new focal contacts.
